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ABSTRACT Relative flight behavior of methyl-parathion-resistant and -susceptible western corn
rootworm, Diabrotica virgifera virgifera LeConte populations, was studied as part of a larger effort to
characterize the potential impact of insecticide resistance on adult life history traits and to understand
the evolution and spread of resistance. A computer interfaced actograph was used to compare flight
of resistant and susceptible individuals, and flight of resistant individuals with and without prior
exposure to methyl-parathion. In each case, mean trivial and sustained flight durations were compared
among treatments. In general, there were few differences in trivial or sustained flight characteristics
as affected by beetle population, insecticide exposure, sex, or age and there were few significant
interactions among variables. Tethered flight activity was highly variable and distributions of flight
duration were skewed toward flights of short duration. Tethered flight activity was similar among
resistant and susceptible beetles with the exception that susceptible beetles initiated more flights per
beetle than resistant beetles. After sublethal exposure to methyl-parathion, total flight time, total trivial
flight time, and mean number of flights per resistant beetle declined significantly. Because long-range
flight was uncommon, short- to medium-duration flights may play an important role in determining
gene flow and population spread of resistant D. v. virgifera. These results suggest that organophos-
phate-resistant beetles can readily move and colonize new areas, but localized selection pressure (e.g.,
management practices) and exposure to methyl-parathion may contribute to the small-scale differ-
ences in resistance intensity often seen in the field.
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THE WESTERN CORN ROOTWORM, Diabrotica virgifera vir-
gifera LeConte, is a widely distributed insect pest of
field corn, Zea mays L., in the United States (Levine
and Oloumi-Sadeghi 1991). Adults are univoltine, and
larvae can only survive on selected grass species
(Branson and Ortman 1970). The continued presence
of populations at a particular site and colonization of
new habitats are dependent on adult dispersal and
ovipositional behaviors.

Adult western corn rootworms exhibit both trivial
and sustained flight behaviors (Coats et al. 1986;
Naranjo 1990, 1991), although most flights are of short
duration (classified as trivial, Coats et al. 1986, Naranjo
1990). Sustained flight has been characterized in lab-
oratory studies as flight duration longer than 20 min
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(Naranjo 1990) or 30 min (Coats et al. 1986), and both
sexes exhibit this behavior (Naranjo 1990). Sustained
flight is conducted primarily by mated preoviposi-
tional females (Coats et al. 1986), but females as old as
30 d may exhibit sustained flight (Naranjo 1990). Coats
et al. (1986) reported that tethered female beetles
could fly continuously for up to 4 h with the ability to
travel up to 24 km in one flight.

In the field, western corn rootworm flight activity
typically follows a bimodal pattern; peak activity oc-
curs 2-4 h after sunrise and before sunset (Witkowski
et al. 1975, Isard et al. 2000). Laboratory studies also
have shown that sustained flight is confined to the
early morning and evening hours, but trivial flights
occur throughout the day (Coats et al. 1986, Naranjo
1990). Grant and Seevers (1990), and Isard et al.
(1999) found that a wide range of radiation loads, air
temperatures, and wind speeds occur during peak
periods of flight activity.

The mobility of the western corn rootworm enables
adults to colonize new habitats (Godfrey and Turpin
1983, Grant and Seevers 1989) and has permitted the
species to extend its range eastward from Nebraska in
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1955 (Chiang 1973) to New Jersey by 1983 (Krysan
and Smith 1987). Studies of cyclodiene-resistant west-
ern corn rootworm populations have provided com-
plementary evidence of this west-to-east movement.
Cyclodiene-resistant western corn rootworm popula-
tions were first identified in Nebraska during 1959~
1963 (Ball and Weekman 1963). In subsequent years,
as the western corn rootworm expanded its range
eastward, founder populations also were resistant to
cyclodiene insecticides (Metcalf 1983). Before 1960,
the western corn rootworm had increased its range
~19-48 km per year; however, after the resistant
strain evolved, the species moved 13-193 km per year
(Metcalf 1986). Metcalf (1986) proposed that the in-
creased rate of movement was somehow associated
with an increase in fitness associated with the resis-
tance gene.

Carbamate and organophosphate insecticides even-
tually replaced organochlorine insecticides and were
used extensively by corn growers for rootworm con-
trol during the 1970s-1990s (Meinke et al. 1998). In
areas of south central Nebraska, where adult manage-
ment programs were adopted as an alternative to ap-
plication of soil insecticides at planting, reports of
insecticide control failures began to occur in the early
1990s. Recent studies have documented that western
corn rootworm populations have become resistant to
some carbamate and organophosphate insecticides in
areas of Nebraska where adult management has been
practiced for many years (Meinke et al. 1998, Miota et
al. 1998, Scharf et al. 1999).

As part of a larger effort to characterize the poten-
tial impact of insecticide resistance on adult life his-
tory traits and to understand the evolution and spread
of resistance, we evaluated the relative flight behavior
of methyl-parathion-resistant and -susceptible west-
ern corn rootworm populations. This article reports
the results of comparative tethered flight experiments
conducted to contrast 1) resistant and susceptible
beetles and 2) resistant beetles with and without prior
exposure to methyl-parathion.

Materials and Methods

All flight testing was done with a computer-inter-
faced tethered flight system (Naranjo 1990). Beetles
were anesthetized with CO, (exposure time <1 min)
and tethered by the pronotum with dental wax to the
end of a piece of quilting thread. The other end of the
thread was connected to a small copper tube (10 by 1
mmi.d.) fitted to the end of alever as described below.

Tethered beetles were attached to one end of a
balanced, lightweight lever, which pivots on a ful-
crum, and had a small flag attached to the opposite
end. An infrared beam was broken by the flag when an
insect was at rest, which generated an electrical signal
that was recorded by the computer. Beetles flew in a
vertical plane and remained suspended above a sub-
strate when not in flight. Beetles remained tethered
for 23 h.

The actograph was housed in a small empty labo-
ratory, maintained at 23.5 = 1°C and 30 * 15% RH with
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a photoperiod of 14:10 (L:D) h. The flight mill mea-
sured the duration of each flight, the clock time of
flight initiation and termination, and the total number
of flights over a 23-h period for each beetle.
Experiment 1: Flight Behavior of Resistant and Sus-
ceptible Beetles. The tethered flight device was used
to compare the flight behavior of F; adults from meth-
yl-parathion-resistant and -susceptible populations
collected near Keene in Kearney County, Nebraska,
and Concord in Dixon County, Nebraska, respectively
(Meinke et al. 1998, Zhou et al. 2002). The resistant
population was geographically located in south-cen-
tral Nebraska where the highest levels of resistance
have been recorded (i.e., resistant population LDy,
16-fold greater than the LDy, of a susceptible popu-
lation, Meinke et al. 1998). Larvae were reared on
seedling corn in small plastic trays (100 by 15 mm)
until they reached second or third instar. Larvae were
then transferred to larger plastic shoeboxes (31.5 by
19.5 by 11 ecm) with fresh corn seedlings to complete
larval development and pupation (modified standard
rearing procedures, Jackson 1985). Adults emerged
and cohorts were placed into Plexiglas boxes (30 cm®)
and provided a diet of corn ears, lettuce, and bee
pollen for at least 24-48 h before shipment via FedEx
to the USDA-ARS, Western Cotton Research Labo-
ratory (Phoenix AZ) for flight studies. Upon arrival,
beetles were allowed to feed on corn ears, lettuce, and
bee pollen for at least 24 h before flight initiation.
Beetles of each sex and from two age groups (3-10 d
and 11-20 d postemergence) were assayed.
Experiment 2: Flight Behavior of Resistant Beetles
Exposed to a Sublethal Dose of Methyl-Parathion.
Relative flight activity of resistant beetles (Kearney
Co. population) after exposure to a sublethal dose of
methyl-parathion was compared with resistant beetles
with no prior exposure to insecticide. Beetles were
reared, provided specific diets, handled, and shipped
as described previously. A 4-h vial bioassay (Meinke et
al. 1997, Zhou et al. 2002) was used to expose cohorts
of resistant beetles to a diagnostic concentration of
methyl-parathion (0.5-ug vial). The inside surface of
glass scintillation vials was coated with technical grade
methyl-parathion in 0.5 ml of acetone, and then vials
were rolled until the insecticide dried (=0.5 h). The
diagnostic concentration was selected based on the
dose-response curves of a representative resistant and
susceptible population and falls within the susceptible
LCyg 95% confidence interval (CI) at 4-h exposure.
The diagnostic concentration kills 100% of beetles
bioassayed from very susceptible field populations and
<8% of beetles from the most resistant Nebraska pop-
ulations (L.J.M., unpublished; Zhou et al. 2002). In a
preexperiment vial bioassay, the diagnostic concen-
tration killed 100% (81/81) of the Dixon County pop-
ulation and 10.9% (11/101) of the Kearney County
population. Beetles were anesthetized by chilling on
ice and then placed in vials (10 per vial) and held at
22°C for 4 h. Control insects were only exposed to
acetone-treated vials. Beetles surviving the bioassay
were allowed to feed on corn ears for 24 h before
tethering to the flight mill to remove potential con-
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Fig. 1.

rootworms. Note the logarithmic y-axis.

founding effects of confinement in vials. Beetles of
each sex and from two age groups were assayed: 5-10
d and 11-20 d post emergence.

Statistical Analyses. Only data from beetles that
engaged in one or more flights during 23 h were
included in statistical analyses. Flight duration was
characterized as “trivial” (>1 min <20 min) or “sus-
tained” (>20 min) based on previous tethered flight
data reported for the western corn rootworm (Coats
et al. 1986, Naranjo 1990). A three-way analysis of
variance (ANOVA) implemented in PROC GLM
(SAS Institute 1998) was used to analyze data from
each experiment. In experiment 1, main effects were
population (resistant or susceptible), sex, and age
(younger versus older adults); whereas in experiment
2, main effects were insecticide exposure (exposed
versus unexposed methyl-parathion-resistant adults),
sex, and age (younger versus older adults). Flight
parameters that were analyzed in each experiment
included total number of flights, number of flights <1
min., number of trivial flights >1 min., number of
sustained flights, total flight time, trivial flight time,
and sustained flight time per beetle. When interac-
tions among main effects were not significant in initial
analyses, the ANOVA was repeated focusing only on
main effects. Residual plots confirmed that the as-
sumption of normality was reasonable; therefore, data

Distributions of durations of all flights by susceptible (n = 54) and resistant (n = 64) female western corn

were not transformed before analysis. To facilitate
comparisons within each main effect, mean flight du-
rations were calculated for each beetle for trivial and
sustained flight parameters over all flights made by
each individual in the 23-h assay period. It should be
noted that beetles engaging in sustained flights also
undertook trivial flights, and many individuals only
exhibited trivial flight. A significance level of P < 0.05
was used for all analyses.

Results

Experiment 1: Flight Behavior of Resistant and Sus-
ceptible Beetles. A similar percentage of resistant and
susceptible tethered beetles took at least one flight
(susceptible: 67.9%, 108/159; resistant: 65.8% 98/149),
suggesting that there were no inherent differences
among populations in the number of beetles that
would typically fly in a 23-h period under tethered
flight conditions. A total of 54 susceptible female bee-
tles engaged in 4,887 flights, whereas 64 resistant fe-
male beetles undertook 4,707 flights (Fig. 1). A ma-
jority of these flights (88% for both susceptible and
resistant strains) were <1 min in duration. Male flight
distribution patterns were similar to those exhibited
by females (Fig. 2). Less than 0.5% of all female flights
extended beyond the 20 min sustained flight threshold
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Fig.2. Distributions of durations of all flights by susceptible (n = 54) and resistant (n = 34) male western corn rootworms.

Note the logarithmic y-axis.

for all beetle groups. Sixteen (15%; 15 female, one
male) susceptible beetles undertook 23 sustained
flights ranging from 20.3 min to 83 min, whereas 18
(18%; 16 female, two male) resistant beetles under-
took 23 sustained flights ranging from 20.2 to 114 min.

In general, there were few significant differences in
trivial or sustained flight parameters as affected by
beetle population, age, or sex, and there were few
significant interactions among variables (Table 1).
The mean number of flights per beetle was signifi-
cantly greater for the susceptible population than the
resistant population (Table 2). This result seemed to
be strongly influenced by the number of trivial flights
per beetle <1 min in duration (Table 2).

Mean total flight time of female beetles was greater
than that of male beetles (Table 2). This result was
largely based on the significant increases in trivial
flight time and number of trivial flights of females in
comparison with males (Table 2). A similar trend was
also apparent for female and male sustained flight, but
results were not statistically significant (Table 2). The
95% ClIs around mean male (9.4, 48.0 min) and mean

female (36.6, 66.4 min) sustained flight time over-
lapped which supports the ANOVA result. The large
difference in sample size between males (n = 3) and
females (n = 31) that engaged in sustained flight may
have contributed to the statistical results obtained.

Both susceptible and resistant beetles exhibited in-
creased frequencies of trivial flights taken per beetle
as they aged (Table 2), which seemed to significantly
influence the mean total flight time and to a lesser
degree mean trivial flight time of older beetles (Tables
1 and 2). A significant interaction between main ef-
fects sex and age occurred for total number of flights
and number of flights <1 min (Table 1). In both cases,
the number of female flights increased with age,
whereas the number of male flights declined with age.
Mean sustained flight time and the average number of
sustained flights per beetle were not significantly af-
fected by beetle age (Tables 1 and 2). Sixteen percent
of 3- to 10-d-old beetles and 20% of 11-20-d-old beetles
engaged in at least one sustained flight.

Daily Flight Periodicity. Flights were recorded for
a23-h period beginning between 1100 and 1200 hours;
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Table 1. Experiment 1 analysis of variance
Initial analyses with interactions Follow-up main effects analyses
Parameter Effect
df F value P>F df F value P>F
Total no. of flights Age 1,176 0.00 0.9950
Pop 1,176 3.73 0.0260
Pop X age 1,176 0.84 0.3607
Sex 1,176 0.00 0.9592
Sex X age 1,176 7.12 0.0083
Pop X sex 1,176 1.61 0.2062
Pop X sex X age 1,176 0.42 0.5163
No. of flights <1 min Age 1,176 0.06 0.8019
Pop 1,176 3.16 0.0500
Pop X age 1,176 0.94 0.3343
Sex 1,176 0.04 0.8461
Sex X age 1,176 6.84 0.0097
Pop X sex 1,176 1.93 0.1662
Pop X sex X age 1,176 0.37 0.5440
No. of trivial flights >I1min Age 1,129 411 0.0447 1,146 3.07 0.0492
Pop 1,129 0.04 0.8514 1,146 0.08 0.7761
Pop X age 1,129 0.54 0.4645
Sex 1,129 1.89 0.1721 1,146 6.02 0.0153
Sex X age 1,129 0.57 0.4512
Pop X sex 1,129 0.07 0.7941
Pop X sex X age 1,129 0.19 0.6714
No. of sustained flights Age 1,27 0.39 0.5361 1,30 1.13 0.2964
Pop 1,27 0.38 0.5424 1,30 0.33 0.5683
Pop X age 1.27 2.84 0.1035
Sex 1,27 0.24 0.6298 1,30 0.67 0.4209
Sex X age 1,27 0.02 0.8855
Pop X sex 1,27 0.02 0.8830
Pop X sex X age
Total flight time Age 1,176 0.76 0.3835 1,201 3.15 0.0450
Pop 1,176 0.71 0.4001 1,201 1.17 0.2800
Pop X age 1,176 0.01 0.9219
Sex 1,176 10.30 0.0016 1,201 12.49 0.0005
Sex X age 1,176 0.61 0.4340
Pop X sex 1,176 0.14 0.7124
Pop X sex X age 1,176 0.00 0.9852
Trivial flight time Age 1,129 291 0.0904 1,146 1.67 0.1921
Pop 1,129 0.01 0.9098 1,146 0.12 0.7293
Pop X age 1,129 0.97 0.3268
Sex 1,129 4.09 0.0451 1,146 3.96 0.0484
Sex X age 1,129 0.07 0.7874
Pop X sex 1,129 0.22 0.6371
Pop X sex X age 1,129 1.15 0.2861
Sustained flight time Age 1,27 0.42 0.5238 1,30 0.47 0.4972
Pop 1,27 0.03 0.8730 1,30 0.36 0.5518
Pop X age 1.27 1.77 0.1942
Sex 1,27 0.35 0.5571 1,30 0.95 0.3368
Sex X age 1,27 0.16 0.6917
Pop X sex 1,27 0.17 0.6840

Pop X sex X age

Pop, methyl-parathion-resistant vs. -susceptible colony.

The pop X sex X age interaction could not be calculated for number of sustained flights and sustained flight time because one susceptible

male age group did not engage in sustained flight.

therefore, data between 1000 and 1200 hours were not
included in the summaries. Generally, for each pop-
ulation, flight activity was greater during daylight;
activity increased after first light and during early
evening (Fig. 3).

Experiment 2: Flight Behavior of Resistant Beetles
Exposed to a Sublethal Dose of Methyl-Parathion. A
similar percentage of exposed and unexposed beetles
flew at least once when tethered to the flight mill
(exposed: 74.6%, 103/138; control: 73.9%, 88/119).
This suggests that exposure to methyl-parathion did
not adversely affect the number of beetles that would
typically fly in a 23-h period under standardized teth-

ered conditions. After exposure to methyl-parathion,
78 resistant female beetles undertook 5,996 flights,
compared with the control group of 68 female resistant
beetles that undertook 5,526 flights (Fig. 4). Of these
flights, the majority were <1 min in duration (85% for
the control group and 90% for the exposed group).
Less than 0.5% of all female flights were longer than
the 20 min sustained flight minimum. Male flight dis-
tributions were similar to those exhibited by females
(data not presented). Seventeen exposed beetles
(17%; 16 females, one male) engaged in 26 sustained
flights ranging from 21.1 to 108 min in duration. Eigh-
teen control beetles (19%; 16 females, two males)
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Table 2. Tethered flight parameter (means = SE) comparisons for methyl-parathion-resistant and -susceptible western corn rootworms
by population, sex, and age

Main treatment effect

Flight parameters/beetle Population Sex Age
Susceptible Resistant Female Male 3-10d 11-20 d
Total no. of flights 88.8 = 8.0a 66.1 = 8.1b 81.3+ 7.9a 73.6 = 8.2a 74.8 = 9.3a 80.7 = 7.9a
No. of flights <1 min 81.2 + 7.8a 588 = 7.7b 72.2 = 7.6a 68.6 = 8.0a 69.6 = 9.2a 714+ T4a
No. of trivial flights >1 min 9.9 + 1.0a 99+ 14a 11.5 + 1.2a 7.5+ 0.9b 71 % 1.1b 12.1 = 1.2a
No. of sustained flights 14+ 0.2a 1.3+ 0.1a 1.4+0.1a 1.0 = 0.0a 1.5+ 0.3a 1.3+0.1a
Total flight time (min) 44.0 = 4.0a 422+ 51a 54.3 + 4.9a 28.2 = 2.9b 37.7*+49b 49.5 + 4.7a
Trivial flight time (min) 29.5 + 2.8a 28.4 *+ 3.5a 33.3*31a 22.3+2.7b 224+ 3.7a 334+ 3.0a
Sustained flight time (min) 45.3 £ 7.5a 52.7 + 11.1a 51.5 + 7.3a 28.7 + 4.5a 56.1 + 9.4a 459 + 9.0a

Means within main effect (i.e., population, sex, or age) and row followed by the same lowercase letter are not significantly different (SAS
PROC GLM, P > 0.05).

Total susceptible beetles, n = 108; trivial flight, n = 81; sustained flight, n = 16; total resistant beetles, n = 98; trivial flight, n = 70; sustained
flight, n = 18; total female beetles, n = 118; trivial flight, n = 91; sustained flight, n = 31; total male beetles, n = 88; trivial flight, n = 60; sustained
flight, n = 3; total beetles, 3-10 d-old, n = 69; trivial flight, n = 50; sustained flight, n = 11; total beetles, 11-20 d-old, n = 115; trivial flight,
n = 87; sustained flight, n = 23.

engaged in 30 sustained flights ranging from 20.4 to  age, and there were no significant interactions among
126.4 min. parameters (Table 3). Control beetles exhibited sig-

There were few significant differences in flight pa-  nificantly greater mean total flight time, mean total
rameters as affected by insecticide exposure, sex, or trivial flight time, and mean number of trivial flights
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per beetle (Table 4). Female beetles across exposures
flew twice as long as male beetles (Table 4). No other
sex-related or any age-related significant differences
were observed (Table 4), even though there was a
large numerical difference between mean male and
female sustained flight time (Table 4). However, in
contrast to experiment 1, the 95% CIs around mean
sustained male (20.0, 54.4 min) and female (57.0, 98.6
min) flight times did not overlap, suggesting that the
means were statistically different. Biological differ-
ences may have occurred between male and female
sustained flight times in each experiment, but because
male sustained flight was a rare event, larger male
sample sizes would be needed to confirm or refute the
observed trends.

Daily Flight Periodicity. Flights were recorded for
a23-h period beginning between 1100 and 1200 hours;
data between 1000 and 1200 hours were not included
in data summaries (Fig. 5). Generally, flight activity
was greater during daylight hours with peaks of ac-
tivity during mid-morning and early evening.

Discussion

The general characteristics of western corn root-
worm flight dynamics as determined in this study are
qualitatively similar to results of other studies con-
ducted with this species. Tethered flight activity of D.

v. virgifera individuals within populations was highly
variable, and distributions of flight duration were
skewed toward flights of relatively short duration
(Figs. 1,2,and 4). Both Coats et al. (1986) and Naranjo
(1990) observed substantial variation among individ-
uals and reported that only 15-24% of western corn
rootworm adults engaged in flights >20 min. Results of
this study and Naranjo (1990) document that both
males and females can take sustained flights, but long-
range flight behavior is much more commonly exhib-
ited by females. These results, coupled with the trend
that mean female flight time was longer than mean
male flight time (Tables 2 and 4) are consistent with
the observation that immigrant sex ratios are often
highly skewed toward females in first-year cornfields
(Godfrey and Turpin 1983). Flight activity was gen-
erally greater during the photophase than the scoto-
phase in this study with activity increasing during
mid-morning and early evening (Figs. 3 and 5). This
daily periodicity activity pattern has been well docu-
mented in the laboratory (Coats et al. 1986, Naranjo
1990) and in the field (Witkowski et al. 1975, Grant
and Seevers 1990, Isard et al. 2000).

The distribution of the duration of individual west-
ern corn rootworm flights was continuous in this study
(Figs. 1,2, and 4). This differs from previous tethered
flight studies (Coats et al. 1986, Naranjo 1990) in
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Table 3. Experiment 2 analysis of variance
Initial analyses with interactions Follow-up main effects analyses
Parameter Effect
df F value P>F df F value P>F

Total no. of flights Age 1,183 0.00 0.9541 1,187 0.14 0.7066
Pop 1,183 0.04 0.8471 1,187 0.02 0.8963
Pop X age 1,183 1.37 0.2435
Sex 1,183 0.09 0.7587 1,187 0.52 0.4717
Sex X age 1,183 0.13 0.7173
Pop X sex 1,183 0.10 0.7525
Pop X sex X age 1,183 2.60 0.1085

No. of flights <1 min Age 1,183 0.04 0.8379 1,187 0.35 0.5550
Pop 1,183 0.14 0.7079 1,187 0.25 0.6166
Pop X age 1,183 0.59 0.2090
Sex 1,183 0.01 0.9377 1,187 0.24 0.6226
Sex X age 1,183 0.14 0.7079
Pop X sex 1,183 0.04 0.8504
Pop X sex X age 1,183 2.52 0.1139

No. of trivial flights >1 min Age 1,126 0.02 0.8895 1,130 0.19 0.6629
Pop 1,126 1.20 0.2762 1,130 5.36 0.0222
Pop X age 1,126 0.23 0.6334
Sex 1,126 0.55 0.4594 1,130 0.44 0.5070
Sex X age 1,126 0.56 0.4576
Pop X sex 1,126 0.18 0.6755
Pop X Sex X age 1,126 0.76 0.3851

No. of sustained flights Age 1,29 0.46 0.5048 1,31 0.38 0.5410
Pop 1,29 0.32 0.5749 1,31 0.29 0.5912
Pop X age 1,29 0.00 09786
Sex 1,29 1.06 0.3108 1,31 1.71 0.2005
Sex X age
Pop X sex
Pop X sex X age

Total flight time Age 1,183 0.16 0.6896 1,187 0.06 0.7997
Pop 1,183 1.31 0.2544 1,187 411 0.0459
Pop X age 1,183 0.02 0.8749
Sex 1,183 5.54 0.0196 1,187 7.27 0.0076
Sex X age 1,183 0.19 0.6596
Pop X sex 1,183 0.44 0.5064
Pop X Sex X age 1,183 0.05 0.8286

Trivial flight time Age 1,126 0.16 0.6786 1,130 0.02 0.8804
Pop 1,126 2.85 0.0937 1,130 7.00 0.0092
Pop X age 1,126 0.31 0.5759
Sex 1,126 1.67 0.1961 1,130 1.65 0.2009
Sex X age 1,126 0.16 0.6899
Pop X sex 1,126 0.01 0.9157
Pop X sex X age 1,126 0.06 0.8122

Sustained flight time Age 1,29 0.39 0.5397 1,31 0.25 0.6193
Pop 1,29 0.82 0.3721 1,31 0.37 0.5462
Pop X age 1.29 0.42 05203
Sex 1,29 0.55 0.4642 1,31 1.51 0.2284
Sex X age
Pop X sex

Pop X sex X age

Pop = pop: methyl parathion exposed or unexposed resistant colony
Interactions between some main effects could not be calculated for no. of sustained flights and sustained flight time because some male age

groups within each pop did not engage in sustained flight.

which the distributions of western corn rootworm
flight times were clearly divided into two discrete
periods, resulting in a bimodal pattern (flight duration
~1-17 min versus =30 min). The reason for this dif-
ference is unclear, but it is unlikely the result of flight
equipment differences because Naranjo (1990) used
the same actograph and associated software that were
used in this study. Western corn rootworm flight ac-
tivity was characterized as trivial or sustained in the
previous studies based in part on the bimodal flight
duration pattern and also because flights >30 min have
been defined as sustained flight in other insect studies
(Dingle 1965, Rankin and Rankin 1980). It is interest-

ing to note that some individuals in this study that did
not engage in sustained flight (<20 min per flight)
completed multiple trivial flights, resulting in a greater
total flight time in a 23-h period than individuals com-
pleting a sustained flight. Depending upon the direc-
tion of the flights taken, the individuals completing
only trivial flights could potentially exhibit significant
net displacement from the starting point. Because
there is a strong consensus among studies that D. v.
virgifera long-range flight is a relatively uncommon
event, short-to-medium duration flights may play an
important role in determining the rate of gene flow
and population spread in this species.
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Table 4. Tethered flight parameter (means = SE) comparisons for methyl-parathion resistant western corn rootworm beetles by

insecticide exposure, sex, and age

Main treatment effect

Flight parameters/beetle Insecticide exposure Sex Age
MP-resistant MP-resistant Resistant Resistant 3.10d 11-20 d
exposed control female male
Total no. of flights 771 = 7.8a 76.3 = 72a 789 £ 6.2a 69.5 = 10.6a 782 * 6.2a 73.6 £ 10.2a
No. of flights <1 min 70.0 £ 7.6a 65.6 = 6.4a 69.4 = 5.8a 66.2 = 10.1a 70.0 = 6.0a 63.8 = 9.4a
No. of trivial flights >1 min 9.6 = 1.2b 145+ 1.7a 12.3 + 1.2a 10.2 = 1.9a 11.8 + 1.2a 12.0 = 1.9a
No. of sustained flights 1.5+ 0.2a 1.7+ 02a 1.7+ 02a 1.0 = 0.0a 1.7+ 02a 15+ 02a
Total flight time (min) 46.7 = 5.8b 66.2 = 8.1a 63.3 = 6.4a 31.0 £ 5.3b 56.0 = 6.3a 549 = 9.0a
Trivial flight time (min) 31.8 = 4.0b 535 = 6.9a 449 + 4.8a 29.7 + 48a 436 + 4.8a 389 + 7.0a
Sustained flight time (min) 69.0 + 12.9a 79.4 + 14.1a 77.8 +10.2a 37.2 + 4.0a 78.0 = 12.3a 66.2 + 14.5a

Means within main effect and row followed by the same lowercase letter are not significantly different (SAS PROC GLM, P > 0.05).

Methyl-parathion (MP)-exposed beetles, n = 103; trivial flight, n = 72; sustained flight, n = 17; control beetles, n = 88; trivial flight, n = 62;
sustained flight, n = 18; total female beetles, n = 146; trivial flight, n = 107; sustained flight, n = 32; total male beetles, n = 45; trivial flight,
n = 27; sustained flight, n = 3; total beetles, 3-10 d-old, n = 128; trivial flight, n = 85; sustained flight, n = 24; total beetles, 11-20 d-old, n =

63; trivial flight, n = 49; sustained flight, n = 11.

Exposure to methyl-parathion had a detrimental
effect on flight behavior of resistant western corn
rootworm populations in this study. Resistant beetles
engaged in fewer flights, and total flight time per
beetle was reduced after sublethal exposure to meth-
yl-parathion. Sublethal effects of insecticides also
have been shown to affect flight behavior in other
insects. After 18-h exposure to aldicarb, both the green
peach aphid, Myzus persicae (Sulzer), and the potato
aphid, Macrosiphum euphorbiae (Thomas), lost their
ability to fly (Boiteau et al. 1985). Alyokhin et al.
(1999) reported that the Colorado potato beetle, Lep-
tinotarsa decemlineata (Say), exhibited both a reduc-
tion in the number of flights and the proportion of
individuals initiating flights after feeding on transgenic
or Cry3A toxin-treated potato foliage. In contrast, Col-
orado potato beetles physiologically resistant to
Cry3A toxin increased flight behavior after ingestion
of Cry3A toxin, suggesting that both behavioral and
physiological mechanisms may have enabled resistant
individuals to survive exposure to the toxin (Alyokhin
and Ferro 1999).

Trivial and sustained movement by the western
corn rootworm has undoubtedly played a key role in
the spread of organophosphate resistance in Nebraska.
Although resistance was first identified in relatively
isolated areas of Nebraska (Meinke et al. 1998, Zhou
et al. 2002), the intensity of resistance has increased
and the geographic distribution of resistance has ex-
panded over time (Wright et al. 1998, 2001). As the
distribution of resistance has changed, populations in
transition areas that are in proximity to each other
often exhibit highly variable susceptibility levels to
methyl-parathion (i.e., field-to-field variation is very
high, Wright et al. 1999, Zhou et al. 2002). Both male
and female beetle movement may significantly affect
the intensity and spread of resistance within and
among fields, especially because methyl-parathion re-
sistance is inherited as a semidominant trait (Parimi et
al. 2003). Males emerge earlier than females (Meinke
1995) and female movement is very limited before
mating (Coats et al. 1987); therefore, most females
apparently mate within the field from which they

emerged (Cates 1968, Quiring and Timmins 1990). In
a segregating population (i.e., low-to-moderate fre-
quency of resistant individuals), this tendency for
mating to occur before dispersal could lead to in-
creased intensity of resistance. Females generally
mate only once, whereas males can mate multiple
times during their lifetime (Branson et al. 1977). A
large number of females may feed and oviposit in or
near their field of origin but often make up a large
proportion of beetles that emigrate and colonize new
fields (Godfrey and Turpin 1983). Because of the
semidominant nature of resistance inheritance, any
mated resistant female that moves into a new field will
spread the resistance gene(s). Likewise, resistant
males that move into a nonresistant population will
produce resistant offspring each time they mate.
Pest management practices are highly correlated
with the rootworm susceptibility level in an area
(Meinke et al. 1998). Adult resistance evolution has
been found to occur primarily where adult spray pro-
grams are used versus areas where soil insecticides or
crop rotation are the predominant management tac-
tics. Actograph data indicate that in the absence of
methyl-parathion exposure, susceptible individuals
are more active than resistant individuals (i.e., take
greater number of flights per beetle; Table 2), al-
though both populations seem to have similar dis-
persal capabilities (no significant difference in total
flight time; Table 2). After exposure to methyl-para-
thion, resistant populations have a great fitness ad-
vantage over susceptible populations (i.e., survival)
but suffer a reduction in the number of flights and
flight time per beetle. This tendency to reduce adult
movement after exposure to methyl-parathion may be
augmented by the landscape in the western Corn Belt
where intensive irrigation practices and large field
sizes provide an optimal environment for beetle sur-
vival and oviposition during hot summers. Although
the potential influence of irrigation on western corn
rootworm movement has not been experimentally ad-
dressed, another corn pest, the European corn borer,
Ostrinia nubilalis (Hiibner), has been shown to ex-
hibit significantly less movement from irrigated fields
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than from dryland production fields (Hunt et al. 2001).
These pest management and crop production factors
collectively may lead to reduced beetle dispersal and
subsequently to a greater proportion of the eggs laid
in sprayed fields. The effect of these factors may be
compounded over time because fields are often
sprayed multiple times within and over consecutive
seasons to reduce beetle densities that could contrib-
ute to localized increases in the intensity of selection
and in frequency of resistant individuals.

In summary, data from this study suggest that organ-
ophosphate-resistant D. v. virgifera beetles can readily
move and colonize new areas, but localized selection
pressure (e.g., management practices) and exposure to
methyl-parathion may contribute to the small-scale dif-
ferences in resistance intensity often seen in the field.
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